The cobalt (II) ion-exchange process followed the Freundlich and Langmuir adsorption models as well as the pseudo-secondorder kinetic model. The cobalt-exchanged contents increased when the initial Co(NO 3 ) 2 solution concentration increased up to 0.14 mol L −1 at the optimal pH of 6.05. The N 2 adsorption isotherms are mixed types I/II isotherms and H3 type hysteresis. Both the micropore and mesopore adsorptions occurred during the adsorption process. The modification, which is both the cobalt (II) exchange and thermal treatment, significantly improved the surface properties of NaX zeolites. Accordingly, the optimal temperature range is 500 to 600 ∘ C for a thermal treatment. This is consistent with the results of XRD analysis.
Introduction
NaX zeolites are a synthetic zeolite that have been used and studied as ion exchanger, sorbents, and catalysts in chemical industrial processes [1] due to their large void volume of 50% of the frame structure. NaX zeolites structure is a faujasite framework with a cage comprising SiO 4 and AlO 4 tetrahedra bound by bridged oxygen atoms to make a 12-ring pore openings and 3-dimensional channel system. The negative charges of the AlO 4 units are balanced by sodium cations that can be easily exchanged by other metal ions such as Ni 2+ , Cr 3+ , Zn 2+ , Cu 2+ , and Co 2+ ions [2] [3] [4] [5] . This exchange capacity of NaX zeolites makes them very efficient adsorbents or catalysts due to the zeolite framework destruction. Additionally, the NaX zeolites are the most common commercial adsorbent. Therefore, the NaX zeolites were used for modification in this work by the cobalt (II)-exchange process.
By using single-crystal X-ray diffraction, Olson determined the locations of Na ions in dehydrated NaX zeolite [Na 88 Al 88 Si 104 O 384 , Fd3, 0 = 25.009(5)Å]. In each unit cell, the occupancy of Na + is 2.9 for site I, 21.1 for site I , 31.0 for site II, and 29.8 for site III [6] . This distribution of cations in the FAU structure was cleanly explained based on an ordered Si-Al distribution model by Takaishi [7] .
Many ways are used to prepare the transition metal containing zeolites: (1) by ion exchange, either from aqueous solution [2] [3] [4] [5] or by solid-state reaction [8] , (2) by hydrothermal synthesis [9] , and (3) by adsorption and decomposition of volatile organometallic compounds [10] .
Transition metal ions are often introduced into NaX zeolites by ion exchange from an aqueous solution. The mechanisms and results of the exchange process are not always simple. Generally, only a part of the original cations, usually sodium ions, can be replaced by transition metal ions. For instance, Bae and Seff demonstrated that this is not the case of three crystal structures where all Na + ions are replaced by Co 2+ ions, and Co 2+ ions per unit cell of cobalt (II)-exchanged NaX zeolites are at sites I , II, and III of the NaX zeolites framework structure [11] .
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Cobalt (II) ions, which are often introduced into NaX zeolites by ion exchange, can coordinate more selectively to oxygen atoms compared to filling the shell cations and often have easy access to other oxidation states [11, 12] , so their introduction into zeolite leads to new mechanisms for their function as sorbents [13] and catalysts [14] . However, the reversible nature of ion exchange causes once adsorbed nuclides to be reexchanged by other cations (Na + , Ca 2+ , Mg 2+ , etc.) in water [12] . Thus, Co 2+ -exchanged zeolites are often thermally treated to have radioactive cations in unit cells or nonexchangeable crystalline phases [15] . Thermal treatment of zeolite causes dehydration leading to the redistribution of extraframework cations among different types of exchange sites [16] . The dehydration of NaX zeolites has been shown to induce a migration of Co 2+ from site I to site I, a more restricted and less exchangeable site [13, 17] .
In this work, we investigate parameters affecting cobalt (II)-exchange process of NaX zeolites from Co(NO 3 ) 2 ⋅6H 2 O aqueous solution including cobalt (II) concentration, the pH of the solution, and exchange times. The thermal stability, adsorption properties, and crystalline structure of the thermally treated cobalt (II)-exchanged NaX zeolites were also considered.
Materials and Methods

Materials.
Ionic exchange was carried out at room temperature by stirring 5 g of NaX zeolites (which is the spherical tablets with diameter ∼30-35 mm) in 250 mL of aqueous solution containing Co(NO 3 ) 2 ⋅6H 2 O. The samples were washed until they were free of nitrate and dried at 120 ∘ C for 12 h. An atomic absorption spectrometer with a cobalt cathode lamp and air acetylene flame was used for determining Co 2+ concentration. Sodium cations containing NaX zeolites samples exchanged by cobalt cations from Co(NO 3 ) 2 solutions of varying concentrations, which are 0.05, 0.06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, and 0.20 mol L −1 , were taken and the pH of solutions was adjusted to 5.00-7.00 to investigate the effect of cobalt concentration and pH on the ion exchange from aqueous solution.
The dried samples were thermally treated at different temperatures (400, 500, 600, and 700 ∘ C) for 3 h at a rate of 20 ∘ C min −1 . After thermal treatment, the samples were removed from the furnace and allowed to quench at room temperature. Prior to use, thermally treated samples were stored inside air-tight vials to prevent the absorption of moisture from the atmosphere. Characterization of structure, the size, and morphology of particles were determined by XRD techniques. N 2 adsorption isotherm was measured at 77.5 K using a Micromeritics ASAP 2020.
Exchange Isotherm Models.
The Freundlich and Langmuir isotherm models were used to analyze the sorption equilibrium data for Co on NaX zeolites [18] . The relative coefficients of these models were calculated using linear leastsquares fitting.
The Freundlich isotherm equation = 1/ can be written in the linear form as follows:
where
and (mmol L −1 ) are the equilibrium concentrations of Co in the zeolite and liquid phases, respectively. and are the Freundlich constants that are related to the sorption capacity and sorption intensity, respectively [19] . The Freundlich constants can be calculated from the slope and intercept of the linear plot of log versus log . The Langmuir sorption isotherm equation
where and are the Langmuir constants which are related to sorption capacity and energy of sorption, respectively, and can be calculated from the intercept and slope of the linear plot of / versus .
Kinetic Models.
The pseudo-second-order kinetic model was used to analyze the sorption kinetic data for cobalt on various adsorbents [20] . The pseudo-second-order equation was written as follows:
where 2 (g mg −1 min −1 ) is the rate constant and , (mg g −1 ) are the amount of sorption at time (min) and at equilibrium.
Integration of (3) and application of the above conditions give
After rearranging (4) into a linear form, give
2 and can be obtained from the intercept and slope of the plot / versus .
Analysis of Surface
Properties. X-ray powder diffraction studies at ambient temperature were carried out using a PANalytical X'pert PRO system in the 2 range of 5 to 60
Scanning electron microscopy (SEM) imaging was studied with a JOEL microscope (model JSM 6330 TF).
The adsorption-desorption isotherms were collected in an ASAP 2020 instrument (Micromeritics) at 77.5 K. The obtained data were analyzed using the -plot, BrunauerEmmett-Teller (BET; specific surface area), and BarrettJoyner-Halenda (BJH; pore diameter, pore distribution, and micro-and mesopore volume) models. 
Results and Discussion
Effect of pH, Initial Concentration, and Stirring Time on
Exchange. Cobalt (II)-exchange process is taken at various values of the pH of the solution to investigate the effect of the pH. The investigated results show that Co 2+ exchange is dependent on the pH of the solution. The Co adsorbed is low at low pH and it increases with increasing pH. In the NaX zeolites framework, Na ions were attracted to sites I, I , II, and III by Coulomb's force (caused by surrounding Al atoms) and short range interaction with the oxygen atoms of the framework [6, 7] . However, the Si-O-Al bonds can easily be attracted by the H + affecting the zeolite structure, which in turn results in the decreased presence of Na ions in framework [21] . Thus, the loss of Co 2+ -exchange capacity of NaX zeolite at lower pH can therefore be ascribed to the collapse in the structure of the zeolite. The NaX zeolites structure is very stable at higher pH. This is why the Co 2+ -exchange capacity is higher. When the pH of solution is higher than 6.5, the cobalt amount exchanged is reduced due to the lessening of Co 2+ concentration in aqueous solution, coinciding with the condensation of cobalt hydroxide.
It was known that Co(OH) 2 condensation begins to occur in the Co 2+ solution with a concentration of 0.1 (mol L −1 ) at pH = 6.05.
Data relating to the effect of the initial concentration of solution and the contact time in the cobalt exchange at room temperature is shown in Figure 1 . The figures indicate that the cobalt adsorbed increased with increasing the initial concentration of solution up to 0.14 mol L −1 and then it was nearly unchanged (Figure 1(a) ). In addition, the cobalt adsorbed was rapidly increased at the first five hours, and then it was slowly increased with increasing the stirring time (Figure 1(b) ).
Exchange Isotherms.
The sorption isotherm of cobalt on NaX zeolites at room temperature is shown in Figure 2 .
The shape of the isotherm shows that the ion-exchange process occurs. The exchange data were measured in terms of Freundlich and Langmuir isotherm models. The fitted constants for the Freundlich and Langmuir models along with regression coefficients are listed in Table 1 . The results and graphical isotherm in Figure 2 show that the fitting is 
Exchange Kinetics.
This study performed the following ion exchange:
The kinetics of ion exchange describing the rate of the uptake of cobalt is one of the important characteristics defining the capacity of ion exchange. The experimental exchange kinetic data were fitted to pseudo-second-order rates, as shown in (5) . The observation of linearity from Figure 3 indicates that the exchange kinetic data are well represented by the pseudo-second-order model for cobalt (with regression coefficient, 2 = 0.994) for NaX zeolites.
The rate of Co 2+ exchange ( 2 ) and the equilibrated amount of cobalt were 7.2 × 10 −5 (g mg −1 min −1 ) and 125 (mg g −1 ), respectively (the initial concentration of cobalt (II) solution is 0.1 mol L −1 ). This cobalt (II)-exchanged NaX zeolite was labeled as 0.1-NaCoX, where 0.1 mol L −1 is the concentration of the cobalt (II) solution.
X-Ray Diffraction and SEM Analysis.
The X-ray diffraction patterns of NaX and the thermal effect on Co 2+ -exchanged NaX zeolites were shown in Figure 4 . It can be seen that the faujasite framework of NaX zeolite is retained during the cobalt exchange process. However, the rapid decrease in crystallinity was due to the presence of cobalt ions in the NaX zeolite framework, leading to decreased unit cell dimension. Figure 4 : X-ray powder diffraction patterns of NaX and 0.1-NaCoX thermally treated zeolites: thermally untreated sample NaCoX-0 and the samples treated at 400 ∘ C for 3 h (0.1-NaCoX-1), 500 ∘ C for 3 h (0.1-NaCoX-2), 600 ∘ C for 3 h (0.1-NaCoX-3), and 700 ∘ C for 3 h (0.1-NaCoX-4). Figure 4 showed that the framework structure was retained up to 600 ∘ C, but it was damaged at > 700 ∘ C because the amorphization occurred during the thermal treatment. Hence, the (2 2 0) and (311) peaks at 2 = 10.03 and 11.7 disappeared in X-ray diffraction pattern of NaCoX-4. Moreover, the position of the (111) peak at 2 = 6.14 ( = 14.45Å) shifted to lower values under thermal treatment. In this study, the unit cell parameter was calculated for the cubic symmetry as 24.835Å for the untreated sample, 24.827Å for the sample treated at 400 ∘ C for 3 h, and 24.703Å for the sample treated at 600 ∘ C for 3 h. This finding agrees with the studies of Jeong et al. [13] and the unit cell parameters were decreased due to a dehydration.
XRD patterns of 0.1-NaCoX ( Figure 4 ) were compared to the studied results of Jonynaite et al. [22] and of Jeong et al. [13] to reveal the presence of the peaks of cobalt oxides and of carnegeite as a secondary phase. For instance, the peak is at 2 = 42.4 (degrees) which corresponds to the [200] plane of CoO (ICDD #45-1004) and at 2 = 21.1 (degrees) for the carnegeite.
The SEM images of the NaX zeolite and thermally treated cobalt (II)-exchange zeolite samples were shown in Figure 5 . It can be seen that there is no notable change in morphology in NaX zeolite under cobalt (II)-exchange process ( Figures  5(a)-5(c) ). The nearly spherical shape crystallite sizes are approximately 1-3 m for most of the samples. Thus, the The surface area and pore size of NaX zeolites and Co 2+ -exchanged zeolites: NaX zeolite, untreated sample (0.1-NaCoX-0), and the samples treated at 400 ∘ C for 3 h (0.1-NaCoX-1), 500 ∘ C for 3 h (0.1-NaCoX-2), 600 ∘ C for 3 h (0.1-NaCoX-3), and 700 ∘ C for 3 h (0.1-NaCoX-4). cobalt (II) exchange does not cause the significant collapse of the crystalline structure of the NaX zeolite. This result is consistent with the result analyzed by XRD diffraction. On the other hand, the shape and surface of the particles were retained up to 600 ∘ C and then they were distorted at higher temperature as shown in Figure 5(d) . Figure 6 presents the nitrogen adsorption/desorption isotherms for each of NaX and 0.1-NaCoX zeolites treated at various temperatures. The curves show that the micropore filling is observed at a relatively low pressure because of the narrow pore width and the high adsorption potential; therefore, the isotherms are type I isotherm for microporous materials (Figure 6(a) ). However, a plateau was not achieved at / ≥ 0.8, obviously indicating expansion of the pore; that is, mesopore adsorption contributed to the adsorption process. This is a characteristic of type II isotherm. According to these results, the adsorption isotherms are mixed types I/II. The microporous adsorption contribution in 0.1-NaCoX zeolites is less than that in NaX zeolites because the Co exchange into a zeolite makes the zeolite surface more porous and rough. This was revealed from an increase in the slope of the region in the middle of the adsorption isotherm curves of the NaX zeolites after cobalt (II) exchanges. In addition, the adsorption isotherms on the 0.1-NaCoX samples suggest an optimal range of treatment temperature to be 500 to 600 ∘ C. micro , BET , ext , and micr of the thermally treated 0.1-NaCoX samples are also derived from the -plot and are listed in Table 2 . It can be seen that the specific surface areas of the 0.1-NaCoX samples are greater than those of the NaX zeolites because the 0.1-NaCoX surface becomes more porous and rough after Co exchange occurred. This is clearly indicated in the comparison of the external surface area of samples. In the thermally treated 0.1-NaCoX zeolites, the specific surface areas and micropore surface areas decrease with increasing temperature due to compression of materials, caused by treatment at high temperature. However, the external surface areas slightly increase with increasing temperature up to 600 ∘ C. The causes of this phenomenon will be discussed below.
Nitrogen Adsorption.
Nitrogen adsorption/desorption at 77.5 K on NaX and 0.1-NaCoX are shown in Figure 6 (b). The figure reveals that the hysteresis loop for nitrogen adsorption on the samples closed at the relative pressure of 4.0-4.5, which indicates the presence of small mesopores. Here, the hysteresis stays open longer but for the tensile strength failure of the nitrogen meniscus occurs; that is, hysteresis (type of H3) shows capillary condensation in mesopores. The first steep indicates the approximate location of monolayer formation. The low slope region in the middle of the isotherm shows the first few multilayers. The realistic pore size can be obtained from analysis of the adsorption branch and these values are listed in Table 2 . Pore diameter increases with increasing temperature because of the texture collapse of zeolite under thermal treatment leading to an increase of the external surface area and mesopore volume. The pore size of NaX zeolite strongly decreases after cobalt (II) exchange occurred. It was the difference of diameter of hydrated cations that caused this phenomenon. The thermal treatment of 0.1-NaCoX zeolite at 500 ∘ C leads to the highest value in the external surface area ( ext = 85m 2 g −1 ) and mesopore volume ( meso = 0.188 cm 3 g −1 ).
Conclusions
The Co 2+ -exchanged NaX zeolites were prepared by the ionexchange process from Co(NO 3 ) 2 solution. This experimental data followed both the Freundlich and Langmuir isotherm models well with high regression coefficients as 2 = 0.92 and 0.89, respectively. Moreover, the pseudo-second-order model could be used to apply the exchange kinetic data of the exchange process (with regression coefficient 2 = 0.994).
The rate of Co 2+ exchange ( 2 ) and the equilibrated amount of cobalt were 7.2 × 10 −5 (g mg −1 min −1 ) and 125 (mg g −1 ), respectively (the initial concentration of cobalt (II) solution of 0.1 mol L −1 ). According to investigated results, the Co 2+ -exchange process on NaX zeolite was dependent on the pH of the metal solution, the initial concentration of metal ions, and contact time.
The faujasite framework of NaX zeolite was retained during the cobalt exchange process under the thermal treatment up to 600 ∘ C. The position and intensity of the reflection peaks of 0.1-NaCoX were changed due to hydration, leading to surface structure change during thermal treatment. The nitrogen adsorption isotherms on NaX and 0.1-NaCoX zeolites at 77.5 K were mixed types I/II isotherms and H3 type hysteresis. Both the micropore and mesopore adsorptions contributed to the adsorption process. Hence, a more realistic pore size can be obtained from analysis of an adsorption branch. The surface areas of 0.1-NaCoX samples were greater than those of NaX, and pore diameter and external surface area increased with increasing treatment temperature up to 600 ∘ C. Accordingly, the optimal temperature range is 500 to 600 ∘ C for thermal treatment. This is consistent with the results of XRD analysis.
